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Chi-ArgBP2 complex mediates ubiquitination and degradation of c-Abl
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The mechanisms leading to the ubiquitination and degradation
of the activated c-Abl kinase have not yet been identified. We
found that the multi-adaptor protein ArgBP2 links c-Abl to the
ubiquitin ligase Cbl. Phosphorylation of Cbl and ArgBP2 by
c-Abl resulted in the stabilization of their interactions, thus

facilitating Cbl-induced ubiquitination and subsequent degra-
dation of c-Abl and ArgBP2.
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INTRODUCTION

c-Abl is a non-receptor tyrosine kinase involved in regulating cell
growth, differentiation, re-organization of the actin cytoskeleton
and apoptosis [1]. c-Abl and c-Arg form the Abelson family of
protein tyrosine kinases [2]. The activity of c-Abl is tightly
regulated in the cell by numerous signals [3], and deregulation of
its activity, as found in the BCR/AbI fusion protein [4], leads to
the development of cancer. Recent findings showed that the
terminal inactivation of c-Abl is mediated by ubiquitin-dependent
degradation in the proteasome [5]. However, the molecular
mechanisms underlying this process are unknown. Cbl acts as a
ubiquitin ligase and contains several functional domains that are
able to interact with a number of signalling proteins [6], including
c-Abl [7]. Cbl was shown to negatively regulate signalling by
receptor and non-receptor type tyrosine kinases [8]. Indeed,
recent reports showed that Cbl controls down-regulation of
activated receptor tyrosine kinases by mediating receptor ubi-
quitination [6], as well as by recruiting adaptor protein CINSS
and endophilins in the complex with activated receptors [9-11].
This last finding shows that associated adaptor proteins may
contribute to the function of Cbl. Using a two-hybrid screen with
Cbl as bait, we found that the Arg-binding protein 2 (ArgBP2)
[12] is a new Cbl-interacting protein. ArgBP2 is an adaptor
protein containing a SoHo (Sorbin Homology) domain, which is
implicated in binding to the lipid raft protein flotillin [13], and
three Src homology (SH) 3 domains, which are known to interact
with polyproline motifs of c-Arg and c-Abl [12]. Interestingly,
ArgBP2 is also a substrate for both c-Abl and c-Arg kinases [12].
In the present report, we show that ArgBP2 negatively regulates
Abl kinases by recruiting Cbl in the complex with c-Abl,
facilitating phosphorylation of Cbl by c-Abl and promoting Cbl-
directed ubiquitination and degradation of c-Abl.

EXPERIMENTAL
Cells and reagents

ArgBP2-A cDNA and antibody were provided by G. Kruh
(Medical Science Division, Fox Chase Cancer Center, Philadelphia,
PA, U.S.A)). ArgBP2-CT antibody was generated using the
three SH3 domains of ArgBP2 fused to glutathione S-transferase
(GST) as an antigen. FLAG-tagged ubiquitin in pcDNA3.1 and
Cbl-constructs have been described previously [9]. The expression

vectors coding for Abl, kinase-deficient Abl (Abl-KD) and an
Abl SH2 domain mutant (Abl-SH2M) were provided by A. M.
Pendergast (Department of Pharmacology, Duke University,
Durham, NC, U.S.A.) and G. Superti-Furga (EMBL, Heidelberg,
Germany). pRK5-Nck ¢cDNA was provided by J. Schlessinger
(Department of Pharmacology, Yale University, New Haven,
CT, U.S.A.). HEK-293T cells have been described previously [9],
and CHO-K1 and K562 cells were purchased from American
Type Culture Collection (Manassas, VA, U.S.A.). CHO cells
stably expressing myc-ArgBP2 were isolated following the trans-
fection of pcDNA2-ArgBP2-Myc in parental CHO cells and
subsequent selection in medium containing 2.4 mg/ml G418.

Two-hybrid screen

The yeast screening was performed using the GAL4-based
Matchmaker two-hybrid system with the human foetal brain,
thymus and T cell libraries (Clontech). pYTH9 GAL4-DNA
binding domain vector with human Cbl was used as bait. The
yeast re-transformation and liquid p-galactosidase assay were
performed as described in the Matchmaker system manual.

Transfection

293T and CHO cells were transfected using Lipofectamine
reagent (Invitrogen) following the manufacturer’s instructions.
A total of 6 mg of cDNA was used when cells were transfected
in 10 cm dishes, and 1 mg per well when transfected in 6-well
plates. Cells were lysed in lysis buffer (2448 h post-transfection)
and centrifuged for 15 min at 4 °C. Cleared lysates were used
for immunoprecipitation, GST pull-down assays and Western
blotting analyses.

Immunoprecipitation, immunoblotting and GST pull-down assays

The following antibodies were used: rabbit polyclonal anti-
ArgBP2 [raised against the C-terminal (CT) of ArgBP2], mouse
monoclonal anti-phosphotyrosine (anti-PY; PY99, Santa Cruz
Biotechnology), anti-haemagglutinin (anti-HA ; 12CAS, Roche),
anti-myc (9E10, Santa Cruz Biotechnology) and anti-FLAG
(M2 and M5, Sigma) antibodies, goat polyclonal anti-GST
(Pharmacia), rabbit polyclonal anti-Abl (K12, Santa Cruz

Abbreviations used: Abl-KD, kinase-deficient Abl; Abl-SH2M, Abl SH2 domain mutant; ArgBP2, Arg-binding protein 2; Cbl-70Z, ubiquitin-ligase-
deficient mutant of Cbl; CT, C-terminal; GST, glutathione S-transferase; HA, haemagglutinin; PY, phosphotyrosine; RF, ring finger; SH, Src homology;

SoHo, sorbin homology.
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Biotechnology) and anti-Cbl {raised against the ring finger (RF)
domain of Cbl [9]}. Lysates with adjusted protein concentrations
(Bradford assay, BioRad) were incubated with antibody for
2 h at 4 °C. Immune complexes were precipitated followinga 1 h
incubation with Protein A—Sepharose beads. After washing in
cold lysis buffer, the complexes were resuspended in Laemmli
sample buffer (BioRad), boiled and resolved by SDS/PAGE.
Proteins were transferred on to nitrocellulose filters and blotted
in Tris-buffered saline/59%, BSA containing anti-Cbl, anti-PY,
anti-myc, anti-HA and anti-GST antibodies at 1:500, anti-Abl
antibody at 1:250, anti-ArgBP2 antibody at 1:1000 and anti-
(ArgBP2-CT) antibody at 1:250. For the GST-binding assays,
GST-fusion proteins adsorbed on glutathione—Sepharose beads
were added to cell lysates, incubated with the lysates for 2 h
at 4 °C, washed in the lysis buffer, and were processed for
Western blotting as described above. To determine the turnover
of Abl, CHO cells were transfected with either c-Abl and Cbl, or
with c-Abl and Cbl plus ArgBP2. Following transfection (48 h
later), cells were treated with 10 ug/ml cycloheximide in serum-
free medium for varying times. c-Abl blots were exposed to a
CCD camera (Fujifilm LAS-1000 Plus) and signal quantification
was performed using AIDA software. Values were expressed as a
percentage of the initial signal and Figure 4(C) shows both values
and trend lines for both series of values.

RESULTS AND DISCUSSION

In order to identify new binding partners for Cbl, we performed
a yeast two-hybrid screening assay with Cbl as bait. Among
several double-positive clones (positive for the ability to grow
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Figure 1 ArgBP2 is a new Chl-interacting protein

under selective conditions and for #-galactosidase activity), we
focused on one clone that encoded the adaptor protein ArgBP2,
which was previously shown to bind to the Abelson kinases, Abl
and Arg [12]. The SH3 domains of ArgBP2 potently interacted
with the C-, but not the N-, terminal half of Cbl in yeast cells, as
measured by a liquid p-galactosidase assay (Figure 1A). To
further characterize the interactions between Cbl and ArgBP2,
we created GST-fusion proteins encoding individual or com-
binations of the three SH3 domains of ArgBP2. Individual SH3B
and SH3C domains, but not SH3A, bound as efficiently as all
three SH3 domains of ArgBP2 (SH3ABC) to Cbl (Figure 1B).
The SH3B domain interacted with Cbl-563 (the first 563 amino
acids of Cbl) but not with Cbl-528, wherecas SH3C was able to
bind Cbl-528, but not Cbl-480 (Figure 1C). These results suggest
that SH3B and SH3C of ArgBP2 may bind to distinct parts of
the proline rich region of Cbl (Figure 1D). On the other hand, the
SH3A and SH3C domains of ArgBP2 were shown previously to
bind to polyproline motifs in the C-terminus of Abl and Arg[12],
indicating that distinct SH3 domains of ArgBP2 bind to both Cbl
and Abl.

These results led us to hypothesize that endogenous ArgBP2
may act as a linker between Cbl and c-Abl in mammalian cells.
We tested this hypothesis in the K562 cell line derived from a
patient with chronic myelogenous leukaemia [14]. These cells
harbour the chromosomal translocation that results in a high
expression of a constitutively active BCR—ADI fusion protein.
Cbl associates with, and is a major substrate of, BCR-ADI [15].
Indeed, Cbl was found in complex with both BCR—ADbI and, to
a lesser extent, with c-Abl (Figure 2A). Importantly, Cbl and
ArgBP2 were also able to co-precipitate each other in lysates of
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(R) Yeast re-transformation and f-galactosidase assay. ArgBP2 in the pACT2 vector was introduced into the Y190 yeast strain, expressing either the empty pYTH9 vector or pYTH9 containing
indicated Cbl constructs, and the f-galactosidase assay was performed as described in the Experimental section. AD, GAL-4 activation domain; BD, GAL-4 DNA-binding domain; wt, wild-type.
(B) GST pull-down of Cbl using SH3ABC (all three domains) or individual SH3A, B or C domains of ArgBP2 fused to GST. Filters were blotted with anti-Cbl and anti-GST antibodies. (C) GST
pull-down assay of HA-tagged C-terminal deletion forms of Cbl using GST-SH3B or GST-SH3C domains of ArgBP2. Filters were blotted using an anti-HA antibody. WT, wild-type. (D) Schematic
representation of a model of interaction between ArgBP2 and Cbl. PRO, proline rich region; LZ, leucine zipper.
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Figure 2 Formation of Cbi-ArgBP2—Abl complexes in mammalian cells

(A) Total cell lysates from K562 cells were incubated with anti-Cbl or anti-(ArgBP2-CT) antibodies and precipitated proteins were resolved by SDS/PAGE, transferred to nitrocellulose membranes
and subjected to immunoblotting with anti-ArgBP2, anti-Abl or anti-Cbl antibodies. (B) Lysates of CHO-Myc-ArgBP2 cells were subjected to immunoprecipitation with anti-Myc (Myc-ArgBP2) or
anti-Cbl antibodies followed by immunoblotting with indicated antibodies. IP, immunoprecipitation; TCL, total cell lysates.

these cells (Figure 2A), suggesting that Cbl can form complexes
with BCR-ADI, c-Abl and ArgBP2 in transformed leukaemia
cells. Moreover, we were also able to detect the formation of a
Cbl-ArgBP2—cAbl complex in non-transformed cell lines, such as
CHO cells stably expressing myc-ArgBP2 (Figure 2B). Taken
together, our results identified ArgBP2 as a new Cbl-interacting
protein, able to form complexes with both Cbl and c-Abl in
mammalian cells.

In order to determine whether the complex between Cbl and c-
Abl is critically dependent on the presence of ArgBP2, we co-
transfected Cbl, c-Abl and increasing amounts of ArgBP2, and
analysed the ability of Cbl to co-precipitate c-Abl. As shown in
Figure 3(A), enhanced co-precipitation between Cbl and c-Abl
correlated with the increasing amounts of ArgBP2 expressed in
HEK?293T cells, while Nck, another adaptor protein containing
three SH3 domains that was shown to bind to both Cbl and
c-Abl [16], led to inhibition in their co-precipitation (Figure 3A).
In addition, Cbl and ArgBP2 were also tyrosine-phosphorylated
by c-Abl in these complexes (Figures 3B and 3C). Co-expression of
ArgBP2 increased c-Abl-induced phosphorylation of transfected
and endogenous Cbl (Figures 3B and 3D). This was most
probably due to the ArgBP2-dependent recruitment of Cbl
with c-Abl (Figure 3A). Likewise, the binding of ArgBP2 to wild-
type c-Abl, which induces tyrosine phosphorylation of ArgBP2
(Figure 3C), was significantly more potent than the interaction
between ArgBP2 and Abl-KD (Figure 3C). These results indicate
that, in addition to constitutive binding of the SH3 domains of
ArgBP2 to proline-rich sequences of c-Abl [12], further inter-
actions, probably involving the binding of the SH2 domain of
c-Abl to phosphorylated tyrosines of ArgBP2, may occur. To
test this hypothesis, we compared the ability of wild-type c-Abl
and Abl-SH2M to bind to and phosphorylate ArgBP2 and Cbl.

Mutation of the SH2 domain of c-Abl led to a decreased
formation of a Cbl-ArgBP2—Abl complex when compared with
cells expressing wild-type c-Abl (Figure 3D). The impairment in
complex formation was also accompanied by a decrease in c-Abl-
induced phosphorylation of Cbl and ArgBP2 (Figure 3D). This
last finding mimics the inhibitory effect of Nck on Cbl—c-Abl
interactions, which has been shown to result from a competition
of SH2 domains of Nck and c-Abl for binding to Cbl [16].
Taken together, these results suggest the existence of a positive
loop of phosphorylation-dependent interactions between Cbl,
ArgBP2 and c-Abl that finally leads to stabilization of these
interactions, and possibly the creation of a trimeric complex.
It has been reported recently that activated c-Abl is degraded
via a ubiquitin/proteasome-dependent pathway [5]. Since Cbl
was shown to mediate ubiquitination of a number of activated
receptor and non-receptor protein tyrosine kinases [17-19],
we tested whether Cbl, when associated with ArgBP2 and
c-Abl, could also promote ubiquitination and degradation
of c-Abl. Cbl-directed ubiquitination of c-Abl was observed in
cells expressing Cbl and c-Abl, and was significantly enhanced
when ArgBP2, but not Nck, was co-expressed (Figure 4A).
Interestingly, ArgBP2 was also ubiquitinated by Cbl (Figure
4A), suggesting that Cbl-induced ubiquitination of c-Abl, as well
as ArgBP2, is dependent on their mutual interactions.
Ubiquitination of proteins is known to target them for
degradation by the 26S proteasome and/or lysosome [8]. There-
fore we next investigated whether Cbl-mediated ubiquitination
of c-Abl was followed by its degradation, and whether the
presence of ArgBP2 promoted degradation of c-Abl. We could
not detect significant degradation of ubiquitinated c-Abl in
HEK?293T cells (Figure 4A), possibly due to very high over-
expression of transfected proteins in these cells. We therefore
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Figure 3 ArgBP2 links c-Abl and Chl
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(R) ArgBP2, but not Nck, facilitates the interactions between c-Abl and Cbl. HEK293T cells were transfected with plasmids coding for Cbl, c-Abl, and increasing concentrations of ArgBP2 or Nck.
Total cell lysates or Cbl immunoprecipitates were blotted with indicated antibodies. (B) ArgBP2 facilitates phosphorylation of Cbl by c-Abl. Lysates of HEK293T cells expressing Cbl in combination
with c-Abl and/or ArgBP2 (total cell lysates) or Cbl immunoprecipitates were probed with anti-phosphotyrosine, anti-Abl, anti-ArgBP2 or anti-Cbl antibodies. (C) Interactions between c-Abl and ArgBP2
are increased by the kinase activity of c-Abl. HEK923T cells were transfected with ArgBP2, Abl-WT, and Abl-KD as indicated. Lysates were blotted with anti-Abl antibodies or subjected to
immunoprecipitation with anti-myc antibody (ArgBP2), followed by immunoblotting with indicated antibodies. (D) The SH2 domain of c-Abl is critical for stabilization of the Cbl-ArgBP2-Abl interactions.
HEK?293T cells were transfected with either wild-type c-Abl (Abl WT) or c-Abl containing a point mutation in the SH2 domain (Abl-SH2M), in combination with ArgBP2 and/or Cbl. Cell lysates
were subjected to immunoprecipitation with anti-Cbl antibodies and filters were blotted with anti-PY, anti-Abl, anti-Cbl and anti-ArgBP2 antibodies. IP, immunoprecipitates; TCL, total cell

lysates.

studied degradation of c-Abl in CHO cells in which transient
transfection leads to more physiological levels of expressed
proteins. A decrease in the protein level of the c-Abl kinase was
observed when c-Abl was co-expressed with either ArgBP2 or
Cbl (Figure 4B), which parallels their effect on the ubiquitination
of c-Abl (Figure 4A). Co-expression of both Cbl and ArgBP2
together with c-Abl led to almost complete destruction of c-Abl
(Figure 4B). Furthermore, expression of Cbl together with
ArgBP2 resulted in a significantly shorter half-life of c-Abl, when
compared with the half-life of c-Abl in cells expressing only Cbl
and c-Abl (Figure 4C). On the other hand, expression of Cbl-
70Z, the ubiquitin-ligase-deficient mutant form of Cbl [15], was
unable to affect the stability of c-Abl. In addition, the protein
level of ArgBP2 was also strongly reduced in the presence of Cbl,
but not Cbl-70Z, and it was further decreased when c-Abl was
co-expressed in the cells (Figure 4B), suggesting that ArgBP2 and
c-Abl may be targeted for destruction via a common pathway.
Furthermore, Cbl-induced degradation of Abl and ArgBP2 is
dependent on the proteasome pathway, since inhibitors of
proteasome block degradation of both Abl and ArgBP2 (results
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not shown). This is also consistent with findings that other
c-Abl-interacting proteins, such as Abi-1/2, are also degraded by
Abl kinases in a proteasome-dependent manner [20].

In conclusion, we have demonstrated that ArgBP2 acts as a
critical regulator of mutual interactions between c-Abl and Cbl
in mammalian cells, leading to Cbl-directed ubiquitination and
degradation of active c-Abl kinase. Understanding the spatial
and temporal constraints under which these interactions take
place following various external stimuli is one of the challenges
for future investigations. It was shown that c-Abl generates a
panel of different, sometimes opposing, signals depending on its
subcellular localization in the cell [1]. c-Abl appears to be
involved in the modulation of the actin cytoskeleton via direct
interactions with F-actin or other cytoskeletal proteins, including
Mena and Wave [1,21]. These processes are highly dynamic and
depend on localized cycles of stimulatory and inhibitory signals
that modulate c-Abl activity. ArgBP2 and Cbl are also localized
in the actin structures in the cell [6,12] and may thus provide a
local signal to terminate activity of c-Abl. Our data also indicate
that a co-ordinated regulation of two post-translational modi-
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(R) HEK293T cells were transfected with FLAG-tagged ubiquitin (Ub) and c-Abl in combination with ArgBP2, Cbl or Cbl-70Z. Lysates were subjected to immunoprecipitation (IP) using anti-FLAG
antibodies, and filters were blotted with anti-Abl and anti-ArgBP2 antibodies. Total cell lysates (TCL) were blotted with anti-Abl, anti-ArgBP2 and anti-Cbl antibodies. (B) In order to monitor the
stability of the transfected proteins, CHO cells were transfected with combinations of c-Abl (Abl WT), Cbl (HA-Cbl), Cbl-70Z (HA 70Z) and ArgBP2 (Myc-ArgBP2) as indicated. Total cell lysates
were then blotted for c-Abl, ArgBP2 and Cbl, and anti-myc immunoprecipitates were blotted with anti-ArgBP2 antibodies. (C) To study the effect of ArgBP2 on Cbl-induced degradation rate of
c-Abl, CHO cells were transfected with plasmids coding for Cbl, ArgBP2 and c-Abl, or only Cbl and c-Abl. Cells were treated with protein synthesis inhibitor cycloheximide and the protein levels
of ¢c-Abl were monitored for the indicated time points. Results were quantified and are shown as the percentage of Abl level that remains in the cells following inhibition of protein synthesis.

fications, such as phosphorylation and ubiquitination, are
necessary for terminal inactivation of c-Abl. Thus tight regulation
of these mechanisms may be essential to prevent aberrant
activation of protein tyrosine kinases and subsequent cell trans-
formation.
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